The surface electronic properties of bulk-grown β-Ga 2 O 3 (201) single crystals are investigated. The band gap is found using optical transmission to be 4.68 eV. High-resolution x-ray photoemission coupled with hybrid density functional theory calculation of the valence band density of states provide insights into the surface band bending. Importantly, the standard linear extrapolation method for determining the surface valence band maximum (VBM) binding energy is found to underestimate the separation from the Fermi level by ∼0.5 eV. According to our interpretation, most reports of surface electron depletion and upward band bending based on photoemission spectroscopy actually provide evidence of surface electron accumulation. For uncleaned surfaces, the surface VBM to Fermi level separation is found to be 4.95±0.10 eV, corresponding to downward band bending of ∼0.24 eV and an electron accumulation layer with sheet density of ∼5 × 10 12 cm −2 . Uncleaned surfaces possess hydrogen termination which act as surface donors, creating electron accumulation and downward band bending at the surface. In situ cleaning by thermal annealing removes the H from the surface, resulting in a ∼0.5 eV shift of the surface VBM and formation of a surface electron depletion layer with upward band bending of ∼0.26 eV due to native acceptor surface states. These results are discussed in the context of the charge neutrality level, calculated bulk interstitial hydrogen transition levels, and related previous experimental findings.
The surface electronic properties of bulk-grown β-Ga 2 O 3 (201) single crystals are investigated. The band gap is found using optical transmission to be 4.68 eV. High-resolution x-ray photoemission coupled with hybrid density functional theory calculation of the valence band density of states provide insights into the surface band bending. Importantly, the standard linear extrapolation method for determining the surface valence band maximum (VBM) binding energy is found to underestimate the separation from the Fermi level by ∼0.5 eV. According to our interpretation, most reports of surface electron depletion and upward band bending based on photoemission spectroscopy actually provide evidence of surface electron accumulation. For uncleaned surfaces, the surface VBM to Fermi level separation is found to be 4.95±0.10 eV, corresponding to downward band bending of ∼0.24 eV and an electron accumulation layer with sheet density of ∼5 × 10 12 cm −2 . Uncleaned surfaces possess hydrogen termination which act as surface donors, creating electron accumulation and downward band bending at the surface. In situ cleaning by thermal annealing removes the H from the surface, resulting in a ∼0.5 eV shift of the surface VBM and formation of a surface electron depletion layer with upward band bending of ∼0.26 eV due to native acceptor surface states. These results are discussed in the context of the charge neutrality level, calculated bulk interstitial hydrogen transition levels, and related previous experimental findings.
Beta phase gallium oxide (β-Ga 2 O 3 ) is a transparent, oxide semiconductor material that has attracted a large amount of interest in recent years due in part to its wide band gap (∼4.7eV at room temperature), 1,2 gas adsorption-tunable conductivity, and high breakdown field (8 MVcm −1 ). These properties mean that β-Ga 2 O 3 is a promising material for a large range of applications, such as solar-blind ultraviolet photodetectors 3 , gas sensing devices, 4 and high power electronic devices. 5 Despite the suitability of this material for such a large range of applications, there is a distinct lack of spectroscopic information on its surface electronic behavior. Unlike [Ref. 9] , the surface electronic behavior has not been well understood in the case of Ga 2 O 3 , which is an important factor for gas sensing devices and electronic contacts.
Semiconductors with the greatest mismatch between their cation and anion in terms of atomic size and electronegativity, such as CdO [Ref. 8, 10] and In 2 O 3 [ Refs 6, 11] and InN [Ref. 12, 13] , appear to only exhibit surface electron accumulation, as opposed to the electron depletion present at the surface of the majority of n-type semiconductors.
14 The slightly less mismatched materials such as ZnO and SnO 2 [ Refs 19, 20] can have either of these two types of surface space charge, depending on how the surface is treated. Indeed, a) Electronic mail: JackSwallow@outlook.com b) Electronic mail: T.Veal@liverpool.ac.uk it has been proposed recently that electron depletion is the inherent space charge property of the ZnO surface.
17,18
As the Ga cation is smaller and has higher electronegativity than Zn, such a trend suggests that Ga 2 O 3 may behave, in terms of surface space charge properties, more like ZnO than In 2 O 3 . Upward surface band bending and electron depletion is assumed in Ga 2 O 3 due to the difficulty in achieving Ohmic contacts with low conductivity material, 21 consistent with similar observations for ZnO. In this context, recent x-ray photoemission spectroscopy (XPS) [22] [23] [24] and angle resolved photoemission spectroscopy (ARPES) [25] [26] [27] has been interpreted as indicating surface electron depletion and upward band bending. However, previous analysis of XPS valence band spectra employed the method of linear extrapolation of the leading valence band edge which underestimates the surface valence band maximum (VBM) to Fermi level separation. This is because, just as in the case of In 2 O 3 , 6 the top of the valence band has very little dispersion and a high effective mass, leading to a very rapid onset of the density of states. Instrumental broadening in XPS introduces a significant slope to the measured onset of the valence-band photoemission, leading to the aforementioned underestimation. In the case of the previous ARPES data where the resolution is higher, the broadening is lower and so a higher surface VBM to Fermi level separation has been reported of about 4.9-5.0 eV. However, the presence of electron depletion was still incorrectly inferred due to a band gap of about 4.9 eV being assumed, higher than the measured room temperature value, some 0.2 eV or so lower.
25-27
Further, the space charge layer of the ZnO surface has been shown to be highly dependent on surface properties, 15,16 especially the effects of H adsorption. 28 Whilst H doping in the bulk has been considered in recent years for Ga 2 O 3 both experimentally 29 and theoretically, 30, 31 its influence on the surface has mainly been considered from a gas sensing perspective in terms of changes to the measured conductivity, 32, 33 rather than in photoemission studies. Here we report the surface electronic behavior and band bending of β-Ga 2 O 3 , and contrast our interpretation of XPS data with that contained in other recent reports.
Bulk single crystalline (201) β-Ga 2 O 3 (from Novel Crystal Technology, Inc., Tamura Corporation) grown using the edge-defined film-fed growth method 34 was used in this study. Sn-doped samples were used to make them sufficiently conducting to avoid sample charging effects during photoemission measurements. The net donor density (N + D − N − A ) was determined by capacitance-voltage measurements to be 6×10 18 cm −3 and the free electron density was confirmed to be n∼6×10 18 cm −3 using Hall effect measurements. Optical transmittance was performed using a Shimadzu UV-Vis-IR 3700 spectrophotometer which employs a photomultiplier detector to reach energies up to 6.5 eV, enabling the absorption onset of β-Ga 2 O 3 to be determined. XPS was performed using a SPECS monochromatic Al Kα (hν =1486.7 eV) x-ray source operated at 250 W. A PSP Vacuum Technology hemispherical electron-energy analyzer with a 120 mm mean radius was employed to detect photoelectrons, operated at a pass energy of 10 eV (50 eV for survey scans). The XPS system is described in detail elsewhere. 35 Binding energies are stated throughout with respect to the Fermi level. Binding energies are calibrated using the Fermi edge of an Ar + -ion bombarded polycrystalline silver sample, also enabling the resolution of 0.4 eV to be determined. This resolution includes broadening due to the x-ray source, the electron analyser and thermal effects. The uncertainty in stated binding energies is ±0.05 eV. All measurements were performed at room temperature. Prior to in-situ cleaning, the Ga 2 O 3 was investigated in its as-received form. In-situ surface cleaning was performed via sample annealing at between 200 and 800
• C for 30 min cycles 23,36,37 and a final 2 hour cycle at 800
• C.
Our modelling adopts the HSE06 screened hybrid functional 38, 39 and projector-augmented wave (PAW) approach 40 as implemented in the VASP code. 41, 42 We explicitly include the semi-core Ga 3d states as valence electrons and adopted a fraction of 32% exact-exchange in the hybrid functional. These choices lead to an excellent description of the lattice and electronic structure, with a 0 K direct gap of 4.87 eV (indirect of 4.86 eV). 43 Temperature effects lead to a decrease of ∼0.2 eV between 0 K and room temperature according to recent measurements. 44 The treatment of the Ga d states leads to slightly improved lattice parameters as compared to experiment (12.21, 3.03, and 5.79Å for the a, b, and c lattice parameters, and a β angle of 103.8 degrees), and most importantly for this study, an improved description of orbital interactions that can influence the valence band features observable via photoemission spectroscopy. While the primitive unit cell was used for the bulk electronic structure calculations, defect calculations of H i defects were performed in 120-atom supercells for the Ga 2 O 3 and 216-atom supercells for SnO 2 and corrected for finite-size effects following the approach of Freysoldt et al. as described elsewhere.
30,45,46
In order to determine the band bending at the surface of β-Ga 2 O 3 and its evolution with annealing, XPS has been used to measure the valence band and core level spectra at each annealing stage. The valence band spectra give the surface VBM to Fermi level separation. The bulk CBM to Fermi level separation can be determined using semiconductor statistics from the bulk carrier density and, with knowledge of the band gap, this gives the bulk VBM to Fermi level separation. The difference between the bulk and surface VBM energies with respect to the Fermi level thus provides the sign and magnitude of the surface band bending. Changes in the band bending as a function of annealing result in changes to the VBM binding energy with respect to the Fermi level and can be confirmed by observing the corresponding shifts of the core level peaks. The core levels provide additional information about contamination via both peaks due to adsorbed species and chemical shifts of the elements of the semiconductor.
The valence band spectra for β-Ga 2 O 3 are shown in Fig. 1 for the sample (a) before surface cleaning, (b) after an 800
• C anneal for 2 hours, and (c) the evolution of the valence band over the whole cleaning procedure. The calculated hybrid DFT valence band density of states (VBDOS) are compared to the XPS valence band spectra. Photoionization crosssection corrections taken from Ref. 47 have been applied to the calculated VBDOS with the result shown in Fig. 1 with and without instrumental (0.4 eV full width at half maximum (FWHM) Gaussian) and lifetime broadening (0.45 eV FWHM Lorentzian). The calculated and thus corrected VBDOS is in extremely good agreement with the experimental data.
The methodology of extracting the valence band position is demonstrated in Fig. 1 (a) and (b) which involves shifting the broadened calculated VBDOS until it aligns with the spectral features of the XPS data. The leading edge of the unbroadened VBDOS is then taken as the VB-edge position (relative to the Fermi level aligned to zero). This method of determining the VBM energy with respect to the Fermi level is well established 48 but not widely used and the much simpler method of linear extrapolating the leading edge is generally preferred and has been widely used for the analysis of Ga 2 O 3 XPS data. 23, 49, 50 However, as discussed above, for materials with very flat valence bands, with a correspondingly sharp onset of the VBDOS, the linear extrapolation method underestimates the VBM to Fermi level separation due to the instrumental broadening. Comparing the green dotted linear extrapolations in Fig. 1(a) and (b) to the red lines of the aligned unbroadened DOS onset, enables us to determine that linear extrapolation underestimates the VBM position by ∼ 0.5 eV. All the calculated VBDOS features match very well with the Ga 2 O 3 data, giving good confidence that the VB position is well represented. For materials, such as ZnO, where the valence band onset is more gradual, the two methods for determining the VBM position are in much closer agreement with each other.
Focusing now on Fig. 1(c) , it is apparent that after each annealing step the VB edge shifts to lower binding energy. From the valence band spectra, the surface VBM to Fermi level separation is found to vary from 4.95±0.10 eV after no surface preparation to 4.45±0.10 eV after surface cleaning using the highest temperature annealing (800
• C).
As mentioned above, to use photoemission to determine the sign and amount of band bending at the polar β-Ga 2 O 3 (201), it is important to have a measure of the band gap of the material investigated. Fig. 2 shows two absorption spectra of β-Ga 2 O 3 derived from transmission data taken with the crystal oriented perpendicular to each other (schematically shown in inset). A linear extrapolation indicates the onset of optical absorption is at 4.68 eV. This is consistent with other optical measurements 44 energy loss spectroscopy 50 and our calculation results mentioned above. This allows us to give a conservative estimate of the band gap of ∼4.7±0.2 eV when excitonic effects and optical anisotropy are considered. 
57,58 with a nonparabolic conduction band, as described elsewhere.
56,59
Fig. 3(a) and (b) shows the calculated band bending before and after annealing for the β-Ga 2 O 3 (201) surface, and the associated electron density plots as a function of depth respectively. For the unannealed β-Ga 2 O 3 , the 0.24 eV downward band bending is associated with a corresponding accumulation of electrons in the near-surface region with a sheet electron density of 5 × 10 12 cm −2 . For In 2 O 3 , weak conduction band emission was observed below the Fermi level in photoemission spectra. 6, 60 However, in that case the surface sheet density was an order of magnitude higher than observed here for Ga 2 O 3 , explaining the absence of this feature in Fig. 1 . The other charge profile shown in Fig. 3(a) is for the 0.26 eV upward band bending and surface electron depletion present after annealing at 800
• C for 2 hours. The corresponding acceptor surface state density is 3.8 × 10
12 cm −2 . The band bending as a function of annealing treatment is shown in Fig. 3(c) and is also correlated with the relative strength of the hydroxyl contribution to the O 1s spectrum, as discussed below. The uncertainty in the absolute band bending values is ±0.22 eV due to the aforementioned uncertainties in the band gap and in determining the VBM position. However, the change in band bending is independent of the band gap and, between the as-received surface and after 800
• C annealing, is 0.50±0.14 eV using the VBM positions with their ±0.10 eV uncertainty or 0.50±0.07 eV using the core-level positions with their ±0.05 eV uncertainty. The uncertainty in the band bending value would be much smaller than ±0.22 eV with a less conservative estimate of the band gap than the ±0.2 eV uncertainty stated here. Fig. 3(d) compares the natural band alignment and bulk interstitial H transition levels of Ga 2 O 3 with other metal oxide semiconductors and will be discussed further below.
In order to confirm the changes in the surface electronic properties as a function of annealing and to investigate their origin, core level XPS spectra were also recorded. Fig. 4(a) -(d) shows XPS survey and core level spectra for β-Ga 2 O 3 after successive in-situ thermal annealing steps were performed to remove surface contamination. Starting from an unnannealed sample (black spectra), 200
• C temperature steps were performed for 30 mins up to 800 • C, which was also done for 2 hours (red spectra). All survey spectra possess only gallium, oxygen and carbon lines. No peaks related to Sn could be discerned due to the low concentration of Sn in the samples (∼6×10 18 cm −3 ), well below the detection limit. As successive annealing steps are completed, Ga and O related peaks are seen to increase in intensity, whilst C related peaks are greatly reduced, indicating the removal of contamination from the surface. This is more clearly seen in the core level spectra in Fig. 4 (b) C 1s, (c) O 1s and (d) Ga 2p. The C 1s peak reduced in intensity after each annealing step up to 800
• C where it could not be reduced further. Annealing at a higher temperature (1000
• C) caused another carbon species to develop on the surface, possibly as a result of carbon reacting with Ga 2 O 3 . All core level peaks shifted to lower binding energy after each cleaning step, indicating changes in the surface electronic properties of the material occurring as a result of the surface cleaning.
This energy shift is investigated in more detail by peak fitting of the O 1s and Ga 2p core levels as shown for the unannealed and maximally annealed crystal in Fig. 5 . The O 1s spectra prior to cleaning (top) and after a 2 hour 800
• C cleaning cycle (bottom) can be seen in Fig. 5(a) . Both spectra were fitted using a Shirley background and Voigt line shapes. The spectrum possessed a strong component with a high binding energy shoulder. The main component is associated with O bonded to Ga at 532.2 eV, with a shoulder component 1.3 eV higher in binding energy, which is commonly associated with a hydroxyl (-OH) group. [61] [62] [63] [64] [65] In this case, this is likely due to H adatoms bonding to O atoms on the Ga 2 O 3 surface. Subsequent annealing reduces and then removes the shoulder component completely and a binding energy shift of ∼0.7 eV to lower energy (531.6 eV) is observed. The FWHM of the O-Ga O 1s component remained the same (1.2 eV) before and after annealing, suggesting no new chemical species is formed. The binding energy shift of the O-Ga peak is associated with the change in the surface electronic properties resulting from the hydroxyl groups being removed from the surface. This correlation between the relative intensity of the hydroxyl component of the O 1s peak and the band bending is apparent in Fig. 3(c) .
This suggests that the downward band bending and electron accumulation is due to the hydrogen on the surface. That is, the adsorbed hydrogen on the surface acts as an extrinsic source of positively charged donor surface states which provide the electrons in the accumulation layer. As the hydrogen is desorbed by annealing, the surface donor density decreases along with the downward band bending, and all the core levels shift accordingly. This effect has been seen previously in ZnO. 17, 18 Indeed this is seen in Fig. 5(b) where the Ga 2p 3/2 peak shifts after cleaning by the same amount also (from 1119.3 eV to 1118.6 eV with no change in the FWHM of 1.5 eV).
As the annealing steps progress, the initial decrease in the amount of downward band bending is followed by the development and then increase of upward band bending and surface electron depletion. The greatest upward band bending of 0.26 eV occurs when the hydroxyl component of the O 1s spectrum is absent after annealing at 800
• C. This type of behavior has also been reported for polar ZnO surfaces. [16] [17] [18] These results suggest that electron depletion is the 'natural' surface space charge state of Ga 2 O 3 surfaces. This corresponds to the presence of occupied negatively-charge acceptor-type intrinsic surface states.
Having electron depletion at the surface of moderately doped n-type Ga 2 O 3 with roughly coincident bulk CBM and Fermi level, is consistent with the so-called charge neutrality level (CNL) lying below the CBM. The CNL, otherwise referred to as the Fermi level stabilization energy (of the amphoteric defect model 66, 67 ) or branch point energy, 68 is the energy at which the surface states change from being predominantly donor-like below the CNL, to being predominantly acceptor-like above the CNL. 10, 13 Indeed, as shown in Fig. 3(d) , the natural band alignments of the metal oxides indicate that CNL lies about 0.6 eV below the CBM for Ga 2 O 3 . Such a position high in the band gap and relatively close to the CBM for such a wide band gap material is consistent with other reported properties of Ga 2 O 3 . These include its n-type dopability, 69 the ability to form Schottky barriers at metal/Ga 2 O 3 interfaces, 69 the sensitivity of surface conductivity to gas adsorption, 32 and the decrease in conductivity upon particle irradiation of already n-type material. 70 However, a possible contradiction is presented by the bulk donor behaviour of interstitial hydrogen, H i , in n-type Ga 2 O 3 . If the Fermi level is above the CNL, it would be expected that H i would act as compensating acceptors. This is because for H i configurations that involve disrupting the cation-anion bond, the H i (+/-) transition level, corresponds to a transition between anion-and cation-derived dangling bond states and so is very close to the CNL.
10,71,72 But H i have been shown to act exclusively as shallow donors in Ga 2 O 3 from theory 73 and studies of the electronic analog muonium. 29 This apparent contradiction is resolved when the very different nature of the bonding of H i in Ga 2 O 3 compared to most other metal oxides is considered. The bonding environment of the O atoms in Ga 2 O 3 results in O lone-pairs that may capture H i and form favorable shallow donors without much influence on the lattice (bottom panels of Fig. 6 ). This is a phenomenon also exhibited by SnO 2 . In the spirit of the usual relationship between the CNL and the behavior of H i in other materials, these lone-pair H + i configurations for Ga 2 O 3 and SnO 2 do not probe anionand cation-derived dangling bond states and so their H i transition level (denoted '(+/-) in Fig. 3(d) ) does not correspond to the CNL for these materials. But, if we instead consider higher-formation energy H + i configurations that disrupt the bonding and lead to cation dangling bonds (top panels of Fig. 6 ), we find the H i (+/-) transition level 71 falls 0.51 eV below the CBM for Ga 2 O 3 , in good agreement with the experimental findings here and the CNL depicted 0.6 eV below the CBM in Fig. 3(d) . (For SnO 2 , we find that a bond-center H + i configuration that probes Sn dangling bond energies yields a H i (+/-) transition level 0.48 eV above the CBM, which is also qualitatively and quantitatively in good agreement with previous studies.
74 ) In conclusion, the type and magnitude of band bending at the (201) surface of β-Ga 2 O 3 was determined for the as-entered and annealed crystal from valence band and core level XPS measurements combined with hybrid DFT valence band calculations. The surface of the as-entered Ga 2 O 3 crystal is found to be terminated by O-H groups, resulting in downward band bending of 0.24 eV and electron accumulation with a sheet density of ∼5 × 10 12 cm −3 . Cleaning the surface by annealing and removing the adsorbed hydrogen results in a transition from electron accumulation to depletion with upward band bending of 0.26 eV. The observation of electron accumulation at uncleaned and even moderately annealed Ga 2 O 3 surfaces has been previously overlooked and the extent of depletion overestimated. This is due in different cases either to use of the wrong band gap energy and/or to an overreliance upon linear extrapolation of the valence band leading edge for the determination of the VBM position with respect to the Fermi level. These findings are consistent with the charge neutrality level lying ∼0.6 eV below the CBM, which is in line with other reported properties of Ga 2 O 3 and also our calculated (+/-) transition level for bond disrupting H i configurations.
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